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Quantum mechanics predicts microscopic phenomena with undeniable success. Nevertheless, cur-
rent theoretical and experimental efforts still do not yield conclusive evidence that there is, or not,
a fundamental limitation on the possibility to observe quantum phenomena at the macroscopic
scale. This question prompted several experimental efforts producing quantum superpositions of
large quantum states in light or matter. Here we report on the observation of entanglement between
a single photon and an atomic ensemble. The certified entanglement stems from a light-matter
micro-macro entangled state that involves the superposition of two macroscopically distinguishable
solid-state components composed of several tens of atomic excitations. Our approach leverages from
quantum memory techniques and could be used in other systems to expand the size of quantum
superpositions in matter.
Quantum mechanics has been tested in many situ-
ations with a remarkably excellent agreement between
theory and experiments. There remains, however, one
interesting challenge, namely to demonstrate quantum
effects at larger and larger scales [1–3]. This is a timely
topic, especially with the advance of quantum technolo-
gies that allow one to entangle many kinds of systems
involving photons, artificial solid-state atoms, trapped
ions, atomic ensembles, nanomechanical oscillators and
large molecules, to name but a few. These approaches
all involve “individual” quantum systems (even though
each system may be composed of a large number of par-
ticles), and should be distinguished from ensemble quan-
tum effects such as superconductivity [4]. These individ-
ual systems offer a unique approach to study macroscopic
quantum effects, which raises interesting questions: How
far can entanglement hold in such systems? How can one
compare different systems?
There are many approaches trying to define what con-
stitute a quantum superposition of macroscopic states [5–
7]. The one we use is based on the distinguishability
between the states forming the superposition, as formal-
ized in Ref. [8]. More precisely, we say that two quan-
tum states are macroscopically distinct if they can be
distinguished with a detector that has a coarse-grained
resolution, and we use “macroscopic” to mean “macro-
scopically distinguishable”. This introduces some degree
of arbitrariness in what should be the minimum level of
coarse-graining, which reflects the challenge of defining
such a measure. Instead of trying to achieve this, we use
a way to compare different kinds of states to assign them
an effective size, as detailed in Ref. [9]. Consequently,
the number of particles (or photons) is not used to de-
fine the macroscopic nature of the superposition state.
Rather, the number of particle is a property of the state
that, when increasing, makes the two components easier
to distinguish with a given coarse-grained detector (and
hence look more like distinct macroscopic objects). In-
terestingly, the more distinguishable the states become,
the more challenging it is to experimentally reveal that
they have quantum features (such as entanglement in a
micro-macro entangled state) [8], which explains why we
do not easily observe such kind of states.
Quantum optics offers a powerful approach to study
the quantum features of superpositions of macroscopic
states. Purely photonic experiments for example have
reported on superposition of coherent states with oppo-
site phases [10–14], squeezing [15, 16] and micro-macro
entanglement [17–21]. Hybrid systems have also been
exploited for micro-macro entanglement where the mi-
cro part was an atom and the macro part contained
up to 4 photons [22]. It was proposed to use mirror-
Bose-Einstein condensate to observe macroscopic quan-
tum superpositions between light and matter [23]. In
matter, GHZ-type states have been produced with up to
14 trapped ions [24]. Here we report on the observation
of entanglement between a single photon and an atomic
ensemble containing up to 47 atomic collective excita-
tions, and we give evidence that it constitutes genuine
light-matter micro-macro entanglement.
Our implementation, inspired from the proposal of
Ref. [25] and experiments [18, 19], lies within this sce-
nario. More precisely, we start from two photons entan-
gled in polarization and use a local displacement opera-
tion to displace, in optical phase space, one polarization
mode of one photon from the pair. The displacement
populates one of the polarization modes with a large
number of photons, without affecting the amount of en-
tanglement. The displaced photon is then mapped to an
atomic ensemble, creating the light-matter micro-macro
entangled state.
Our experiment is conceptually represented on Fig. 1a.
First, an entangled photon pair is generated in the micro-
micro state
|ψ〉 = 1√
2
(|1, 0〉s|1, 0〉i + |0, 1〉s|0, 1〉i), (1)
where s and i subscripts are two modes corresponding
to the generated signal and idler single photon, while
|1, 0〉s(i) ≡ |H〉s(i) and |0, 1〉s(i) ≡ |V 〉s(i) correspond to
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FIG. 1. Experimental scheme. (a) Conceptual scheme for the creation and analysis of the light-matter micro-macro entangled
state |Ψ〉. First, a displacement operation DsH(α) is applied on the signal mode of the micro-micro polarization entangled
state |ψ〉 using a beam splitter (BS) with high transmittance. The displaced signal photon of the micro-macro state |Ψ〉 is
then mapped inside a solid-state quantum memory (QM) that has a storage and retrieval efficiency η. To characterize the
state, it is first displaced back to |ψ〉 (in the ideal case) when it is retrieved from the memory using DsH(−√ηα), and is then
analyzed using various entanglement witnesses. (b) Detailed setup. A polarization entangled pair of photons is created using
spontaneous parametric down-conversion from two periodically poled nonlinear waveguides (PPLN and PPKTP) placed in the
arms of a polarization interferometer [26] seeded by a continuous wave laser (532 nm wavelength). Dichroic mirror (DM) is
used to separate two photons spatially. After the spectral filtering the idler photon is detected by one of the detectors (D
(i)
1
or D
(i)
2 ). This event heralds a single photon in the signal mode, and it triggers the generation of a coherent state pulse (CSP)
using an electro-optical intensity modulator (EOM) that carves a pulse out of a continuous wave laser at 883 nm. The CSP
is sent in the QM in a different spatial mode than the signal mode. This further allows preparing both the displacement and
back-displacement pulses with the required delay and amplitudes (see text and SM for details). The relative phase necessary
for this is set by an electro-optic phase modulator (PM). The first displacement pulse DsH(α) is synchronized with the heralded
single photon on a BS that has a 99.5% transmittance. The resulting state |Ψ〉 is stored inside the QM and released after a
predetermined time of τs = 50 ns. The second displacement DsH(−√ηα) is then applied on the state retrieved from the QM.
The state is analyzed, together with the idler photon previously measured, using free-space polarization analyzers composed of
quarter-wave (λ/4) and half-wave (λ/2) plates followed by polarizing beam splitters (PBS).
the horizontal polarization state of the signal (idler) pho-
ton and the vertical polarization state, respectively. To
displace one of the polarization modes of s, the signal
photon is superposed with a horizontally-polarized co-
herent state pulse (CSP) on a highly transmissive beam
splitter. This corresponds to a unitary displacement op-
eration DsH(α) on the horizontal mode of the signal pho-
ton transmitted through the beam splitter [27]. The av-
erage number of photons contained in the displacement
pulse is given by |α|2. After displacement, the entangled
state is written as
|Ψ〉 = 1√
2
[(DsH(α)|1, 0〉)s |1, 0〉i + |α, 1〉s|0, 1〉i] . (2)
This micro-macro entangled state (denoted with a cap-
ital Ψ for emphasis) contains a displaced single-photon
state of the form D(α)|1〉 in the first term, and a coher-
ent state |α〉 = D(α)|0〉 in the second. The idler photon
plays the role of the “micro” component of the entan-
gled state. Importantly, increasing |α| makes these two
terms become more and more distinguishable when using
a coarse-grained detector (on the signal mode) [9]. This
is discussed in detail below.
We use a quantum memory protocol to coherently map
the state of the signal mode to the collective state of
an ensemble of neodymium atoms frozen in a crystal
host [28]. This creates ηabs|α|2 atomic excitations on
average, where ηabs is the absorption probability of the
quantum memory (QM). The atomic state obtained after
this linear mapping contains the atomic equivalents of the
optical states |α〉 and D(α)|1〉 [5]. These atomic states
can in principle be directly distinguished using a readout
technique that has an intrinsically limited microscopic
resolution, as it was shown experimentally in Ref. [29].
Instead, here we analyse the reemission and infer, i.e.
indirectly, the atomic state from a model using indepen-
dent measurements discussed in the text. Thus, after a
pre-determined storage time τs = 50 ns, the atomic state
is mapped back to the optical signal mode. The over-
all storage and retrieval efficiency is denoted η. We note
that the storage time is much shorter than the 57 µs co-
herence time and 300 µs lifetime of the optical transition.
Hence, the collective atomic state is coherent throughout
the whole process.
As part of the measurement of the light-matter en-
tangled state, the state retrieved from the QM is first
displaced back with DsH(−
√
ηα), where the amplitude is
reduced by
√
η to match the limited storage efficiency
η of the QM. To achieve this, an optical pulse is sent
3through the QM. The timing is such that the part of
this pulse that is transmitted (i.e. not absorbed) by the
quantum memory precisely overlaps with the displaced
signal photon retrieved from the QM. This is equivalent
to overlapping them on a beam splitter that has a limited
transmittance, and thus it corresponds to a displacement
operation accompanied by loss (see the Appendix for de-
tails). In the ideal case, the back-displacement would
entirely remove the initial displacement and yield the
original micro-micro optical entangled state |ψ〉. In prac-
tice, the displacement back is never perfect in amplitude
and phase, which creates noise that limits the maximum
size of macroscopic component that can be observed. We
note that the displacement happens after the detection
of the idler photon, regardless of the measurement out-
come. This order however could be reversed by using
a mode-locked laser to generate the entangled photons,
which would lead to the same results. This independence
of time order of the measurements was recently empha-
sized with a delayed-choice entanglement swapping [30].
We now give more details on the setup; see Fig. 1b.
A 532 nm continuous wave laser is coherently pumping
two nonlinear waveguides, which probabilistically creates
photon pairs at 883 nm (the signal photon) and 1338 nm
(the idler photon). Each photon pair is in superposition
of being created in the first waveguide (with horizontal
polarizations) and in the second waveguide (with verti-
cal polarizations). Recombination of the output modes
of the waveguides leads to a state that is close to the
maximally entangled state (1) [26]. The spectrum of the
idler photon (the signal photon) is filtered to a Lorentzian
linewidth FWHM of 240 MHz (600 MHz) using the com-
bination of a Fabry-Perot cavity (etalon) and a highly
reflective volume Bragg grating (see Ref. [26] for details).
Due to the strong energy correlation between both pho-
tons, the heralded signal photon’s (HSP) linewidth is fil-
tered to ≈ 210 MHz, corresponding to a coherence time
of τc ≈ 1.9 ns. Detection of the idler photon by detector
D
(i)
1 or D
(i)
2 heralds a single photon in the signal mode.
The detection signal is also used to generate a CSP us-
ing an electro-optical intensity modulator which carves a
pulse out of a continuous wave laser at 883 nm.
The quantum memory is based on the Atomic Fre-
quency Comb storage protocol [28]. To store light with
an arbitrary polarization, we use a configuration consist-
ing of two inline neodymium-doped yttrium orthosilicate
crystals Nd3+:Y2SiO5 separated by a half-wave plate.
This configuration was previously used to faithfully store
polarization qubits [31–33], to perform light-to-matter
quantum teleportation [34] and to store hyperentangle-
ment [35]. The bandwidth of the prepared quantum
memory is 600 MHz and it stores photons for 50 ns
with an overall efficiency of η = 4.6(2)%. The back-
displacement operation is performed with an interference
visibility of 99.85%, which is remarkably close to being
perfect; this is crucial to maximize the size of the dis-
placement.
To quantify how much of the light contained in the dis-
locality bound
separability bound
FIG. 2. Measured values of the S parameter of the CHSH-Bell
inequality (dots) as a function of the size of the displacement
before the QM (top x-axis) or as a function of the average
number of atomic excitations inside the QM (bottom x-axis).
CHSH violation values are above the local bound with up to
7 excitations on average, and above the entanglement bound
with up to 23 excitations on average. The error bars are es-
timated assuming Poisson statistics for the detections. The
solid line is obtained from a theoretical model based on inde-
pendently measured parameters, and the shaded area repre-
sents a one standard-deviation uncertainty on the predictions
of the model.
placement pulse is actually displacing the HSP, we must
evaluate to what extent their modes are indistinguish-
able [9]. This was done using Hong-Ou-Mandel interfer-
ence, which was realized as a separate measurement by
combining the HSP and the displacement pulse on 50/50
beam splitter (see Appendix for details). A visibility of
74% was measured and compared to the 85% expected
value. This implies that 0.74/0.85 = 87% of the displace-
ment pulse is effectively displacing the single photon [9],
and this fraction is used when estimating the number of
atomic excitations that are part of the entangled state.
To reveal the light-matter micro-macro entanglement,
we use two methods: the violation of a CHSH-Bell in-
equality [36] and quantum state tomography.
We first performed the CHSH test without any dis-
placement operations and obtained a parameter S =
2.59(3), which is above the local bound of 2 by 20 stan-
dard deviations. This was then repeated with an increas-
ing displacement size |α|2. The results shown on Fig. 2
are in a good agreement with a theoretical model based
on independently measured experimental parameters (see
the Appendix for details). We note that the bases used
for all CHSH tests are composed of states of even su-
perposition of |H〉 and |V 〉. A value of S = 2.099(31)
is obtained for a displacement containing a mean pho-
ton number of |α|2 = 13.3(3) before mapping the state
in the quantum memory. Using the absorption proba-
bility ηabs ≈ 55%, this corresponds to about 7 excited
atoms (see the Appendix for details). Interestingly, vio-
lating the CHSH inequality shows that the light-matter
micro-macro state could lead to strongest form of quan-
tum correlations, namely non-local correlations. Alterna-
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FIG. 3. Quantum state characterization. (a) PPT and con-
currence values (obtained from quantum state tomography)
as a function of the size of the displacement before the QM
(top x-axis) or as a function of the average number of atomic
excitations inside the QM (bottom x-axis). The error bars
are estimated from Monte-Carlo simulations assuming Pois-
son noise. The PPT criteria remains negative and the con-
currence value remains positive with up to 47 excitations on
average. The solid lines in all graphs are obtained from a the-
oretical model based on the independently measured param-
eters, and the shaded areas are the uncertainty on these pa-
rameters. (b) Distribution of number of atomic excitations of
the two macroscopically distinguishable components D(α)|1〉
and |α〉 when expressed in the {|0〉+ |1〉, |0〉 − |1〉} basis.
tively, the Bell inequality can be used as an entanglement
witness if we find S ≥ √2 ≈ 1.41 [37]. We measured
S = 1.65(5) with a mean photon number of |α|2 = 42(2)
before the QM, corresponding to ≈ 23 excited atoms in-
side the QM. This is above the separability bound by 4
standard deviations.
To fully characterize the entanglement of the retrieved
micro-micro quantum state, we performed an overcom-
plete set of tomographic measurements and reconstructed
the full density matrix. To prove that the state is still
entangled we use two criteria, namely the positivity un-
der partial transposition (PPT) [38], and the concurrence
(which is based on the concept of the entanglement of
formation) [39]. Figure 3a shows results obtained for
increasing size of the displacement. A negative value
of −0.055(10) is obtained for the PPT test and a pos-
itive concurrence of 0.246(41) are obtained for displace-
ments with |α|2 = 86(3) photons before the QM. This
corresponds to ≈ 47 excited atoms in the atomic en-
semble. These results are in a good agreement with our
theoretical model described in the Appendix. We at-
tribute the scatter of the data mostly to the fact that
it is very sensitive to fluctuations of the visibility of the
back-displacement operation.
The reported light-matter state can be considered as
a micro-macro entangled state for the following reason.
Let us illustrate first how the size of a given state can
be evaluated from the coarse-grained measure presented
in Ref. [9] by focusing on the state (2), which can be
re-written as
[DsH(α)(|0〉sH + |1〉sH)] (|0〉sV |1, 0〉i + |1〉sV |0, 1〉i)
− [DsH(α)(|0〉sH − |1〉sH)] (|0〉sV |1, 0〉i − |1〉sV |0, 1〉i),
where the normalization is omitted. The state there-
fore involves the superposition of DsH(α)(|0〉 + |1〉) and
DsH(α)(|0〉 − |1〉) in the horizontal mode of the signal
photon, and one can obtain one or the other by mea-
suring the idler photon in the basis of diagonal polariza-
tions. Although these two components partially overlap
in the photon number space, the distance between their
mean photon numbers is given by 2|α|; see Fig. 3b. For
|α|2 & 2, they can be distinguished with a single mea-
surement with a probability of ≈ 91% using a detector
that has a perfect single-photon resolution [9]. If mea-
sured with a coarse-grained detector, this probability is
reduced to 50% when the coarse graining is of the order
of |α| or more. The effective size of the state (2) can
be naturally quantified by the maximum coarse-graining
σmax that allows one to distinguish the two components
DsH(α)(|0〉+ |1〉) and DsH(α)(|0〉− |1〉) with a given prob-
ability Pg, where Pg should be significantly above 50% to
be meaningful for a single-shot measurement. Similarly,
the effective size can be evaluated by comparing the re-
sults to an archetypical state involving the superposition
of |0〉 and |N〉 Fock states, where N is the smallest value
that allows distinguishing |0〉 from |N〉 with a probability
Pg and a coarse graining σmax. From our results, which
are well reproduced by our theoretical model based on
independent measurements of the entangled state and
experimental parameters, we can confidently give an es-
timate of the size of the light-matter state from which
the entanglement is measured. For Pg = 2/3, the state is
analogous to the state |↑〉|0〉+|↓〉|N〉 with N ≈ 13, where
|↑〉 and |↓〉 represent microscopic orthonormal states.
Naturally, one must also carefully consider the effect
of loss in the signal mode before the beam splitter used
for the displacement, as well as the absorption proba-
bility in the QM. In the Appendix we show that if the
heralding probability to find the signal photon at the
beam splitter is ηh and the absorption in the QM is
ηabs, the displacement creates a mixture of the state |Ψ〉
with a displacement of amplitude
√
ηabsα with probabil-
ity ηhηabs, and a separable state with the complimentary
probability. In our case we have ηhηabs ≈ 10%, which
makes the two macroscopic states nearly indistinguish-
able, even with a detector with perfect microscopic res-
olution. This exemplifies that the direct observation of
5macroscopic features is a very challenging task. Nev-
ertheless, we stress that the entanglement signature that
we directly observe is stemming from the micro-macro en-
tangled state component of the mixture, whose effective
size is defined as above. The observation of this entangle-
ment, and its behaviour with increasing size, is the main
result of this Letter. The direct observation of the size
of the superposition with an actual coarse-grained detec-
tor is left for future work. This would require reduced
loss and a highly efficient quantum memory. Achieving
this is certainly conceivable, given the large storage ef-
ficiencies that can now be obtained with some quantum
memories [40] and with the progress of linear detectors to
achieve sub shot-noise resolution (e.g. see [41]). Homo-
dyne detection could also prove useful for distinguishing
the states, as demonstrated in Ref. [19]. Overall, our ap-
proach could certainly be improved with other types of
quantum memory, which has the potential to yield larger
quantum superpositions in matter.
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APPENDIX FOR “LIGHT-MATTER
MICRO-MACRO ENTANGLEMENT”
OVERVIEW
In this Appendix, we provide details on our experi-
ment and we describe the theoretical model. Section A
describes the details of the implementation of the dis-
placement operations. Section B presents the Hong-Ou-
Mandel dip experiment to prove the indistinguishabil-
ity of the heralded single photon and the coherent state
pulse. Section C presents two theoretical models to com-
pare to our experimental results.
Appendix A: Implementation of the displacement
operation
Displacement with an arbitrary polarization state
Here we show that the polarization state of the dis-
placement pulse can be arbitrary without changing the
description of our experiment. Let us consider the case
where the polarization of the displacement is expressed
as |ψ〉 = α|H〉 + β|V 〉. The displacement is applied to
1√
2
(|H〉s |H〉i + eiθ |V 〉s |V 〉i). We note that
1√
2
(|H〉s |H〉i + eiθ |V 〉s |V 〉i)
=
1√
2
(|ψ〉s |φ〉i + eiθ ∣∣ψ⊥〉s ∣∣φ⊥〉i) , (A1)
where |φ〉 = α∗ |H〉 + eiθβ∗ |V 〉, 〈φ|φ⊥〉 = 〈ψ|ψ⊥〉 =
0. We see directly that a displacement with polariza-
tion |ψ〉 will produce a state equivalent to displacing
1√
2
(|H〉s |H〉i + eiθ |V 〉s |V 〉i) with a horizontal polariza-
tion.
Displacement with a quantum memory
Here we explain how the quantum memory (QM) can
be used to realize the displacement operations. For our
purpose, the QM can be seen as a storage loop. As shown
on Fig. 4a, light incident on the QM is either absorbed
with probability ηabs ≈ 55% or transmitted with proba-
bility 1 − ηabs. This is physically equivalent to a beam
splitter whose outputs are the directly transmitted opti-
cal mode and the atomic mode onto which light is linearly
mapped to a collective atomic state [28].
The AFC storage protocol that we use is such that the
re-emission process occurs when all the spectral compo-
nents of the collective atomic state are in phase, which
in our case happens at τs = 50 ns after absorption [28].
However, this rephasing is not perfect, and therefore only
part of the atomic excitations are converted back to light.
In the storage loop representation, the atomic mode is
looped back onto the “light-matter” beam splitter after
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FIG. 4. Quantum memory represented as a storage loop. For
our purpose, the AFC quantum memory can be seen as a
light-matter beam splitter that loops back onto itself, and
the length of the loop corresponds to the storage time τs of
the QM. (a) When an optical pulse is incident on the QM,
it acts like a beam splitter that splits the light on a optically
transmitted part and onto the collective state of the atomic
ensemble. (b) At the time of re-emission, the QM acts again
like a beam splitter that maps the collective atomic state to
the optical mode and back onto itself. The number of photons
re-emitted is thus accompanied by the corresponding reduc-
tion in the number of atomic excitations in the QM.
the storage time (see Fig. 4b), albeit with a beam split-
ting ratio that is different than the one of the absorption
process, which is due to the details leading to the rephas-
ing.
To realize a near-perfect back displacement operation
one has to achieve the lowest phase and amplitude noise
between the two displacements. This is especially diffi-
cult to realize with free-space optics for long delays such
as 50 ns. However, we note that the QM itself can be
used to create the two pulses; see Fig. 5. First, the coher-
ent state pulse (CSP), created whenever an idler photon
is detected, is sent through the QM in a spatial mode
that is distinct from the one of the signal photon. This
creates two pulses delayed by the storage time of the
QM (τs = 50 ns). The pulses then go through a fibre-
pigtailed electrooptic phase modulator (PM) applying a
phase of φ = pi on the second one. The first displacement
operation is performed by combining the heralded sig-
nal photon and the first component of the optical signal
emerging from the PM. For this we use a non polarizing
beam splitter with a transmittance T = 99.5%, resulting
in a lossless displacement operation. The back displace-
ment operation corresponds to the interference between
the part of the second pulse emerging from the PM that
is directly transmitted by the QM, and the part of the
atomic excitation that is converted into the optical mode.
Because the probability to map the atomic state into the
optical state is smaller than 100%, this corresponds to
a displacement operation with some loss into the atomic
mode. To quantify the quality of the back displacement,
we measured the visibility of the interference between the
two displacements with the signal photon blocked. We
obtained an average visibility of 99.85(2)%, which is very
close to being perfect.
To create a representative theoretical model of our ex-
periment, we characterized the polarization of the light
that is remaining after back displacement operation. For
this the photon pair source was blocked and polarization
state tomography was performed on the weak coherent
state. We expected to find a pure polarization state, be-
cause the remaining light is expected to comes from the
well polarized CSP. Surprisingly, we found that the po-
larization state is almost completely depolarized, having
a fidelity of 97(1)% with completely depolarized state.
This indicates that the limit to the visibility of the back
displacement is at least partly due to some process that
we could not identify. This will require further investiga-
tion.
Effect of loss
We now describe the effect of loss in our experiment.
The first loss to consider is the heralding efficiency ηh,
which is the probability to find the heralded signal pho-
ton at the beam splitter used for the displacement. If
the photon is lost, the displacement pulse is applied on
vacuum |0〉 rather than on |1〉. In this case, the state ρ
created is a mixture of the desired micro-macro entangled
state |Ψ〉 = DsH(α)|ψ〉, where
|ψ〉 = 1√
2
(|1, 0〉s|1, 0〉i + |0, 1〉s|0, 1〉i),
|Ψ〉 = 1√
2
[(DsH(α)|1, 0〉)s |1, 0〉i + |α, 1〉s|0, 1〉i] ,
with a separable component:
ρ = ηh|Ψ〉〈Ψ|+ (1− ηh)|α, 0〉s〈α, 0| ⊗ Ii
2
(A2)
where Ii is the 2× 2 identity matrix representing a com-
pletely mixed polarization for the idler photon.
The loss caused by the finite absorption probability in
the QM then reduces the size of the displacement and
create another separable component to the mixture. Us-
ing ηabs and ηt = 1 − ηabs to denote the absorption and
transmission probabilities, one can show that the light-
matter entangled state obtained is
ρ′ = ηabsηhDsH(
√
ηabsα)|ψ〉〈ψ|DsH†(
√
ηabsα)
+ (1− ηhηabs)|√ηabsα, 0〉s〈√ηabsα, 0| ⊗ Ii
2
. (A3)
The first term corresponds to the desired light-matter
micro-macro entangled state, where the amplitude of the
displacement is given by ηabs|α|2. The other term is sep-
arable, and do not contribute to detected signature of
entanglement. Rather, they create noise that masks the
entanglement signature, which reduces the maximum size
of the displacement that we can apply.
8(1) (2) (3)
(a)
PM
τs τs
D(α)
D(eiφ√ηα)
D(√ηtα)
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FIG. 5. (a) presents the conceptual evolution of the pulses used for the displacements, and (b) shows how it was implemented.
(1) A coherent state pulse is generated by the detection of the idler photon. It corresponds to the displacement D(α) applied
on vacuum. This pulse is incident on the QM in an optical mode that is distinct from the one used to store the signal mode.
(2) After the QM and the phase modulator (PM), we obtain two pulses corresponding to the displacements D(√ηtα) and
D(eiφ√ηα), where ηt and η are the transmission probability and storage efficiency of the QM, respectively, and φ is the phase
applied on the second pulse by the PM. (3) After the second passage through the QM, we have three pulses. The middle one
corresponds to the displacement D(eiφ√ηtηα)D(√ηηtα), and is the one that is applied on the displaced signal photon retrieved
from the QM. We see that the amplitudes are perfectly balanced, and setting φ = pi will yield destructive interference, which
constitutes the back displacement.
FIG. 6. Size of the light-matter entangled states ρ′ (Eq. A3)
with |α|2 = 47 atomic excitations on average as a function
of the guessing probability Pg to distinguish two macroscopic
components of state ρ′ for different values of ηh and ηabs.
One can consider how the loss would affect our ability
to directly observe the distinguishability of the macro-
scopic states of the superposition using a coarse-grained
detector. On Fig. 6 we show how loss affects the effec-
tive size of the superposition in the cases ηh = 1 (no
loss), ηh = 0.19 (before the QM) and ηh = 0.19 with
ηabs = 0.55 (inside the QM). The loss and finite ab-
sorption probabilities reduce the maximum probability
to distinguish the two macroscopic states to a value that
is ≈ 53% with a detector that has a perfect single-photon
resolution. This exemplifies that the direct observation
of the distinguishability of the macroscopic components
requires maximizing ηh and ηabs, which is a challenging
but conceivable task for future work.
Double detection events
We note that in all of our measurements, the proba-
bility to detect two photons in the signal mode was at
least fifty times smaller than detecting a single photon
(which was obtained for the case of 47 atomic excita-
tions). Hence, double detection events could essentially
be ignored.
Appendix B: Hong-Ou-Mandel interference
To probe for the indistinguishability between the her-
alded single photon (HSP) and the coherent state pulse
(CSP), a Hong-Ou-Mandel (HOM) type interference ex-
periment was performed. This characterization is im-
portant to determine the size of the displacement. The
reason is simple: if the displacements are not applied on
the mode of the HSP, then the single photon is not dis-
placed at all. The case where the modes of the CSP and
HSP overlap only partially was theoretically considered
in Ref. [25], where it is shown that the ratio R = Vm/Ve
between measured Vm and expected Ve HOM visibilities
gives a lower bound on the fraction of the CSP that ac-
tually displaces the HSP. Hence, if the size of the CSP is
|α|2, then the size of the displacement is R|α|2.
In our case, the main mismatch between the modes
of the CSP and HSP is due to their temporal modes;
see Fig. 7. The mode of the HSP is determined by the
energy correlation between the signal and idler photons,
combined with filtering bandwidths used in the source of
entanglement; see details in Ref. [26]. The CSP has an
almost Gaussian temporal profile, which is defined by the
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FIG. 7. Temporal profiles of the CSP and HSP. (a) Temporal
mode of the coherent state pulse (CSP) shaped from CW laser
using electro-optical modulator (EOM). (b) Temporal profile
of the heralded single photon (HSP). (c) Difference between
two histograms corresponding to the CSP and HSP, where
each histogram was normalized. A coincidence window of
3 ns (shaded regions) was used for further analysis.
(a) (b)
FIG. 8. Hong-Ou-Mandel dip measurement between HSP and
CSP. (a) Measured visibility Vm of the HOM dip as a func-
tion of coincidence window. A window of 3 ns was used during
the experiment. The visibility goes down as one increases the
postselection window due to the lower overlap between the
temporal modes of HSP and CSP. (b) Comparison between
experimentally measured visibility of HOM dip (square) and
theoretical model (solid line). The mean photon number of
the CSP was 0.012(1) and the creation probability of the pho-
ton pair was 0.005, while the heralding efficiency was equal to
19%. Since the photon number statistics of HSP and CSP are
different the maximum visibility of HOM dip between them
for the given photon pair creation probability can be obtained
only for certain mean photon number µ of the CSP. The visi-
bility for the low µ of the CSP is limited by the multi photon
creation from the photon pair source while for the high µ the
higher terms of Poisson distribution of the CSP will reduce
the maximum visibility [34].
high speed pulse generator used to drive the electrooptic
EOM that is carving the pulse out of a continuous wave
laser at 883 nm. For comparison, the temporal modes of
the CSP and the HSP are shown in Fig. 7.
To measure the HOM dip visibility, the HSP and CPS
are combined on a 50/50 beam splitter and synchronized
in time. To extract the visibility of the HOM dip, we
measure the coincidence rate with the polarization of the
CPS either parallel R‖ or perpendicular R⊥ to the HSP.
The measured visibility is given by Vm = (R⊥−R‖)/R⊥.
This value depends on the temporal width of the coinci-
dence window. This is because using a short window
compared to the width of the temporal modes erases
differences between them, which increases their indistin-
guishability, but it also reduces ηh and the detection rate.
The value of the measured visibility as a function of the
width of the coincidence window is shown in Fig. 8a. A
tradeoff value was chosen with a coincidence window of
3 ns, which yielded an heralding efficiency of ηh = 0.19.
The expected visibility Ve is calculated taking into ac-
count the heralding efficiency, the photon pair creation
probability p = 5×10−3 inside the coincidence time win-
dow of 3 ns, as a function of the mean photon number
contained in the CSP. The result of this calculation is
shown on Fig. 8b. For the value |α|2 = 0.012 used with
the 3 ns window on Fig. 8a, the expected visibility is
Ve = 85%. The measured visibility is Vm = 74(2)%,
which shows that we do not have perfect overlap between
the HSP and CSP. The difference is due partly to the
imperfect spectral-temporal modes overlap between two
waveforms, and also to the fluctuations on the central
frequency of the HSP, which is due to the small fluctu-
ations on frequency of the pump laser at 532 nm (the
latter are caused by the frequency stabilization mecha-
nism that we need to apply to get frequency correlated
photons, see [26]).
The measured ratio R = 0.74/0.85 = 87% is used to
correct the size of the displacements that are presented
in this work.
Appendix C: Theoretical model of the experiment
Simple theoretical model
Here we derive a simple theoretical model to com-
pare to our experimental results. First, we include in
our description that actual micro-micro entangled state
ρmm (obtained without any displacement) is itself not an
ideal pure state, but can rather be approximated by the
Werner state
ρmm = Vmm|ψ〉〈ψ|+ (1− Vmm) I
4
(C1)
where I is the 4 × 4 identity matrix, and Vmm ≈ 94%
is the entanglement visibility of the micro-micro entan-
gled state. Next, to include the contribution of the dis-
placement in our description, we recall that we found
that light remaining after the imperfect back displace-
ment was almost entirely depolarized. Hence, the actual
state ρ′mm emerging from the QM can be seen, at first
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approximation, as a mixture of ρmm (obtained when the
signal photon was not lost) and the completely mixed
two-qubit state obtained when the signal photon is re-
placed with a completely mixed polarization photon. We
have
ρ′mm = (1− )ρmm + 
I
4
= Vmm(1− )|ψ〉〈ψ|+ [1− Vmm(1− )] I
4
(C2)
where we denote  as the noise probability.
We then need to properly model  as a function of inde-
pendently measured experimental parameters. Assuming
the interference visibility V between two displacements
operations, one can calculate  assuming a Poisson pho-
ton number statistics. On the one hand, the probability
to detect a photon from the noisy background is propor-
tional to
pn = e
−µ
∞∑
n=1
µn
n!
[1− (1− 2η(1− V ))n] , (C3)
where η is the efficiency of the quantum memory and
µ is the mean photon number in the back displacement
operation. On the other hand, the probability that no
photon (other than the heralded signal photon) leaks out
of the QM after the back displacement is
p¯n = e
−µ
∞∑
n=1
µn
n!
[1− 2η(1− V )]n . (C4)
Finally, the probability to detect the heralded signal pho-
ton while no photon from the noisy background leaks out
is proportional to
ps = ηhTη p¯n, (C5)
where ηh = 0.19 is the heralding efficiency of the signal
photon and T = 99.5% is the transmission of the first
beam-splitter. Using these definitions, the noise proba-
bility  of the Werner state (C2) can be expressed as
 =
pn
ps + pn
. (C6)
Using the independently measured parameters ηh =
19(2)%, T = 99.5%, η = 4.6(2)%, V = 99.85(2)% and
Vmm = 94%, we can estimate the expected S-parameter
value for the CHSH violation as a function of the size of
the displacement. We can also predict the values for the
PPT criterion and the value of the concurrence (Fig. 2
and 3 of the main text).
Detailed theoretical model
Here we derive a more detailed model for predicting the
expected value of the CHSH S parameter, which can be
compared with the result of the simple model. We show
that both models produce essentially the same results,
and they both correspond very well with our experimen-
tal results. This strengthens our claim.
This model starts with a description of the sponta-
neous parametric down conversion source which produces
photons in coupled modes, labelled by the bosonic op-
erators a and b. The photons are created in maxi-
mally entangled states in polarization, meaning that each
mode splits into two orthogonal polarizations a − a⊥
and b − b⊥. The Hamiltonian of such a process is
H = iχ(a†b†⊥−a†⊥b†+h.c), where χ is proportional to the
non-linear susceptibility of the crystal and to the power
of the pump. The expression of the corresponding state
|ψ〉 is obtained by applying e−iHt on the vacuum |0〉 ,
as we are focusing on spontaneous emissions (0 is under-
lined to indicate that all modes are in the vacuum). It
can be written as [42]
|ψ〉 = (1− T 2g ) eTga†b†⊥eTga†⊥b† |0〉 , (C7)
where Tg = tanh g, g = χt being the squeezing parame-
ter.
For the detectors, we used non-photon number resolv-
ing detectors with non-unit efficiency η and dark count
probability pdc. The no-click event for the mode a for
example, is associated to a positive operator [42]
Danc = (1− pdc)(1− η)a
†a, (C8)
while the click event corresponds to Dac = 1−Danc.
We now calculate the conditional state in modes b, b⊥
once the modes a, a⊥ are detected. Note first that the
structure of the Hamiltonian is such that we can con-
sider that for any measurement choice, a and a ⊥ are the
eigenmodes of the measurement device. The state that
is conditioned on a click in a and no click in a⊥ is given
by
ρb,b⊥ = (1− pdc)tra,a⊥
(
(1− η)a†a ⊗ 1a⊥ |ψ〉 〈ψ|
)
−
− (1− pdc)2tra,a⊥
(
(1− η)a†a ⊗ (1− η)a†⊥a† |ψ〉 〈ψ|
)
.
(C9)
Using xa
†af(a†) = f(xa†)xa
†a, we get [43]
ρb,b⊥ = (1− pdc)
1− T 2g
1− T 2gR2
ρbth(Tg)ρ
b⊥
th (RTg)−
− (1− pdc)2
(
1− T 2g
)2(
1− T 2gR2
)ρbth(RTg)ρb⊥th (RTg) (C10)
with ρbth(Tg) =
(
1− T 2g
)∑+∞
n=0 T
2k
g |k〉b 〈k|, ρb⊥th (RTg) =(
1− (RTg)2
)∑+∞
n=0(RTg)
2k |k〉b⊥ 〈k| ... i.e. the condi-
tional state can be written as a difference between prod-
ucts of thermal states.
As thermal states are classical states, they can be writ-
ten as a mixture of coherence states, that is
ρbth(Tg) =
∫
d2γP n¯(γ) |γ〉b 〈γ| (C11)
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with P n¯(γ) = 1pin¯e
−|γ|2/n¯ and n¯ = T 2g /(1 − T 2g ). The
result of Bob measurements can thus be deduced from
the distribution of results obtained with coherent states.
In particular, a state
|α〉b 〈α| ⊗ |β〉b⊥ 〈β| (C12)
becomes
|α¯+ cos θM〉b 〈α¯+ cos θM︸ ︷︷ ︸
αˆ
|⊗| β¯ + cos θM︸ ︷︷ ︸
βˆ
〉b⊥
〈
β¯ + cos θM
∣∣
(C13)
after the memory where α¯ = αT1T2
√
ηc
√
ηd (similarly
for β¯) accounts for the transmission of the beamsplitter
used for the displacement operation, ηc for the coupling
efficiency and... M = iT2γφ where γ
2 is the size of the
displacement and φ is the error on the relative phase be-
tween the two displacements. It is averaged out with
gaussian noise to account for the limited accuracy of our
back displacement operation. θ accounts for the angle
between the measurement setting of Alice and the polar-
ization of the laser used to implement the displacement
operation. For Bob’s measurement setting with eigen-
modes bθ
′
= cos θ′b+ sin θ′b⊥ and bθ
′
⊥ = sin θ
′b− cos θ′b⊥,
the probability to get no click in bθ
′
and one click in bθ
′
⊥
with the state (C13) is given by
trbθ′ ,bθ′⊥
[
(1− ηd)bθ
′†,bθ
′
⊗ (1− (1− ηd)bθ
′†,bθ
′
)∣∣∣cos θ′αˆ+ sin θ′βˆ〉
b′
〈
cos θ′αˆ+ sin θ′βˆ
∣∣∣∣∣∣sin θ′αˆ− cos θ′βˆ〉
b′⊥
〈
sin θ′αˆ cos θ′βˆ
∣∣∣]
= e−|cos θ′αˆ+sin θ′βˆ|2ηd(1− e−|sin θ′αˆ−cos θ′βˆ|2ηd). (C14)
Attributing the result +1 to the events {no click in a and
one click in a⊥} and {no click in bθ′ and one click in bθ′⊥}
the joint probability p(+1 + 1|θθ′) can be obtained the
previous result together with Eqs. (C10) and (C11). A
similar calculations done to compute the three other joint
probability p(−1+1|θθ′), p(+1−1|θθ′) and p(−1−1|θθ′)
where the result −1 is attributed to events where there
is either { a click in a and no click in a⊥ } or { a click
in a and a click in a⊥} (similarly for the modes bθ′ and
bθ
′
⊥). We find
p(+1 + 1|θθ′) =
= (1− pdc)
1− T 2g
1− (RTg)2 [f(n¯, m¯, ζ)− g(n¯, m¯, ζ)]−
− (1− pdc)2
(1− T 2g )2
(1− (RTg)2)2 [f(m¯, m¯, ζ)− g(m¯, m¯, ζ)] ,
(C15)
p(+1− 1|θθ′) = [f(n¯, n¯, ζ)− g(n¯, n¯, ζ)]−
− (1− pdc)
(1− T 2g )
(1− (RTg)2) [f(n¯, m¯, ζ)− g(n¯, m¯, ζ)] ,
(C16)
p(−1 + 1|θθ′) =
= (1− pdc)
1− T 2g
1− (RTg)2 [1− f(n¯, m¯, ζ)]−
− (1− pdc)2
(1− T 2g )2
(1− (RTg)2)2 [1− f(m¯, m¯, ζ)] , (C17)
p(−1− 1|θθ′) = [1− f(n¯, n¯, ζ)]−
− (1− pdc)
(1− T 2g )
(1− (RTg)2) [1− f(n¯, m¯, ζ)] . (C18)
Here
f(n¯, m¯, ζ) =
1
1 + cos2 θn¯η + sin2 θm¯η
(
1
1 + 4ζ
)1/2
,
(C19)
and
g(n¯, m¯, ζ) =
1
(1 + n¯η)(1 + +m¯η)
(
1
1 + 4ζ
)1/2
(C20)
with
ζ =
T 22 γ
2ηd cos
2(θ − θ′)
1 + cos2 θn¯η + sin2 θm¯η
, (C21)
ζ¯ = T 22 γ
2ηd
(
cos2 θ′
1 + n¯η
+
sin2 θ′
1 + m¯η
)
(C22)
and
η = ηdT
2
1 T
2
2 ηcηd, (C23)
n¯ =
T 2g
1− T 2g
, m¯ =
(RTg)
2
1− (RTg)2 (C24)
and  = 1−V stands for the error on the viability associ-
ated to the displacement operation. Note that the experi-
ment is being performed under the fair sampling assump-
tion, the four probabilities p(±1 ± 1|θθ′), p(±1 ∓ 1|θθ′)
are re-normalized to sum up to one before being used to
predict the value of the CHSH inequality.
